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ABSTRACT
The coordination chemistry of copper is a subject of considerable importance in 
connection with the structures and active sites of copper-containing metalloproteins and 
enzymes. Many biomimetic metal complexes have been synthesized and their catechol 
oxidase and catalase activities investigated. In this research, one tridentate ligand was 
silylated, bound to copper(II) under basic conditions and attached to silica, providing a 
new heterogeneous catalyst.
The tridentate nitrogen ligand bis[(2-pyridyl)methyl]amine (BPA) was chosen for 
investigation of its potential as the ligand component of a heterogeneous copper catalyst. 
The conditions for derivitization of BPA for incorporation into a silica matrix were 
optimized, using 4-nitrobenzylchloride (4-NBC) addition and ammonium sulfide 
reduction strategies. The resulting amine was added to 3-(triethoxysilyl)propyl isocyanate 
(TSPI) to form the silylated urea 4-nitrobenzyl-bis[(2-pyridyl)methyl]silylated amine 
(BPAS4).
The research focused on how the pH used for catalyst preparation, methods to 
prepare the catalyst, as well as the Cu(II) content of the catalyst affected catalytic 
activities. Base has been found to affect the structure of Cu(II) complexes, leading to 
different catalytic activities. The catechol oxidase and catalase activities of silicas 
modified at pH 8 , 9, 10, 11, 12 and 13 with Cu and BPAS4, were investigated and 
compared. The relationship between Cu(II) content and 3,5-di-tert-butylpyrocatechol 
(DTBC) oxidation rate, representative of catechol oxidase activity, at different pH was 
studied. To investigate the possible impact of hydroxide bridged binuclear copper centers 
as templates during silica modification, two methods were used to synthesize catalysts. In 
the first method, copper was present during silica modification with BPAS4. In the 
second method, copper was added to the BPAS4  modified silica. As expected, catalase 
activity was notably greater when the first method was used. Future studies will compare 
the catechol oxidase activity of catalysts prepared by both methods. Differences in 
catechol oxidase activity between different batches of BPAS4  were noted and require 
further investigation. Additional studies conducted included investigation of the 
relationship between Cu(II) content and catechol oxidase activity as a function of pH and 
comparison of the homogeneous C uBPA  catalyst to C uBPAS 4  modified silica.
These preliminary results encourage further studies. First, methods providing 
heterogeneous catalysts with reproducible properties must be developed. Complete 
characterization of the catalase and catechol oxidase activities of C uBPA S 4  modified 
silica will then be possible. Future studies may also investigate the ability of C uBPAS 4  
modified silica to promote additional copper dependent biomimetic activities such as 
reactions promoted by dopamine (3-monooxygenase and peptidylglycine a-amidating 
monooxygenase.
ix
SILICA SUPPORTED COPPER COM PLEXES AND THEIR  
BIOM IM ETIC ACTIVITIES
CHAPTER 1. INTRODUCTION
1.1. Overview of literature and research focus
Copper has been recognized as a biologically essential element for a long time . 1 
Copper is a key cofactor in a diverse array o f biological oxidation-reduction reactions. 
These reactions involve either outer-sphere electron transfer, as in the blue copper 
proteins and Cua site o f cytochrome c oxidase and nitrous oxide reductase, or inner- 
sphere electron transfer in the binding, activation, and reduction o f dioxygen, superoxide, 
nitrite and nitrous oxide.
The structure and catalytic function o f many enzymes containing copper ions at 
the active sites have been studied. These studies have permitted design o f ligands that 
bind copper producing synthetic systems modeling the catalytic activity o f enzymes. 
Common activities to screen new copper catalyst for include catechol oxidase,
'1 1 o
catecholase and catalase. "
New catalysts can be classified as homogeneous systems, which fully dissolve in 
solvent, or heterogeneous systems, which are attached to an inert solid support such as 
silica and remain phase separated during catalysis. Recycling o f homogeneous catalysts is 
typically impractical, increasing their expense. Simple heterogeneous catalysts typically 
have a large proportion o f active sites that are inaccessible, reducing their apparent 
activity. Recently, catalysts prepared by covalent attachment o f appropriately modified 
ligands to inert substrates have been demonstrated to combine the important attributes o f 
heterogeneous and homogeneous catalysts. 1 9 -21
2
3The research described in this thesis focuses on the catalytic potential o f  copper 
when bound to a tridentate nitrogen ligand with a silylated tether that permitted 
attachment to silica. Variations in the conditions for silica modification were explored. 
Characterizations o f  modified silicas included copper loading, catechol oxidase activity 
and catalase activity. Comparisons with related systems are made.
1.2. Classification o f  the o f  copper centers in proteins
Copper centers in proteins have historically been divided into three classes based
* 22on the spectroscopic features o f the active site. The mononuclear type-1 copper centers, 
“blue copper c enters”, are found in electron-transfer proteins such as plastocyanin and 
azurin. Their deep blue color is caused by an intense Cys S-Cu (II) charge-transfer 
transition. A type-1 copper center has a strongly distorted tetrahedral coordination sphere 
with a difference o f  up to 22° from the ideal tetrahedron angle . 2 3  The mononuclear “non­
blue copper centers” are classified as type-2 centers. They are found in oxidases, such as 
galactose oxidase, and in  oxygenases, such as dopamine- P -monooxygenase. A  type-2 
copper center also appears in the dinuclear metal site o f Cu, Zn-superoxide dismutase. A  
square-planar coordination sphere characterizes type-2 copper centers. In contrast to 
these mononuclear copper sites, the type-3 copper centers contain coupled binuclear 
copper sites and are described in section 1.3.
During the past fifteen years, additional classifications have been created for non­
type 3 multinuclear copper centers. For example, proteins such as laccase, ascorbate 
oxidase, and ceruloplasmin contain trinuclear copper clusters, comprised o f  a type 2  and
24_97  » 7 a  28  32
a type 3 center. " Examples o f  mixed-valent binuclear copper sites ’ ’ ' include the 
CuA-Cue-hemeA center (CuA is the copper in subunit II, Cub is most likely in subunit I,
4and hemeA is in subunit I) o f cytochrome c oxidase , 3 and the binuclear Cuz center (Z is 
the catalytic center and also one o f  two distinct copper centers) o f nitrous oxide 
reductase 4
1.3. Proteins with type-3 copper centers
Proteins containing binuclear copper centers play important roles in biology, 
including dioxygen transport or activation, electron transfer, reduction o f nitrogen oxides, 
and hydrolytic chemistry . 5 The typical structure o f type-3 copper centers contain two 
copper ions that are linked by two oxygen atoms. Hemocyanins (HC), tyrosinases (TYR), 
and catechol oxidases or catecholases (CO) contain type-3 copper centers. HCs serve as 
oxygen carrier proteins, binding molecular oxygen reversibly. HCs are divided into two 
classes depending on their biological source: the arthropodan and the molluscan. TYRs 
catalyze both the hydroxylation o f  phenols to ortho-diphenols (cresolase activity) and the 
two-electron oxidation o f ozt/zodiphenols to ort/zo-quinones (catechol oxidase activity) 
by molecular oxygen. COs are also known as ort/zo-diphenol oxidases. The official 
nomenclature o f  CO is 1 , 2-benzenediol: oxygen oxidoreductase, indicating that dioxygen 
is the second substrate. COs catalyze the oxidation o f a wide range o f <?r/7zo-diphenols to 
ozt/zo-quinones in the presence o f oxygen6, but do not exhibit cresolase activity (Figure 
l . l ).7
1/2 0 2 
k -
cresolase activity 
(tyrosinase)
' 0 H  1/2 0 2 
V
h 7o
'OH catech ° lase activity ^  ^
(tyrosinase and catechol oxidase)
Figure 1.1. Reaction pathway o f  the oxygenation and oxidation catalyzed by TYR and 
CO. (Ref. 7)
5The functional and structural differences between HC, TYR and CO could not be 
rationalized for a long time, as detailed structural information was available only for
27arthropodan HCs. These enzymes are all organized into seven different domains. The 
two copper-binding regions show the highest conservation among all type-3 copper 
proteins. The region binding Cub (see Figure 1.2) is especially highly conserved, whereas 
the CuA binding region shows more sequence variety and has been held responsible for 
the differing function o f HC, TYR, and CO . 8 The 3D structure o f TYR is not yet known, 
but the recent structural data for a molluscan HC and a plant CO allow a deeper insight 
into the active site o f  type-3 copper proteins.
The crystal structure o f the active site containing two copper ions o f sweet potato 
catechol oxidase (ibCO) is shown in Figure 1.2 . 8 ,9  Both copper atoms forming the metal 
center are coordinated by three histidines . 9 , 1 0  An unusual covalent thioether bond joins 
Cys92 to the Cu-coordinating His 109 (Figure 1.2). The Cys-His thioether bridge has been 
found only in type-3 copper proteins but does not seem to be essential, as it is absent 
from arthropodan HC crystal structures.
In the met state (Cu (II), Cu (II)) o f ibCO, the two cupric ions are at a distance o f  
2.9 A. They are bridged by another atom, most likely a hydroxide ion, at a distance o f  
about 1 . 8  A from each cupric ion, so that each o f  them has a coordination number o f  
four. 10 The coordination sphere o f each copper atom is a trigonal pyramidal with His 109 
and His240 in the apical positions, respectively.
In the deoxy state, both copper atoms are in the +1 oxidation state. The copper- 
copper distance is 4.4 A. The coordination number is 4 for Cua (three histidine ligands 
and a water molecule) and is 3 for Cub (three histidines ligands). The coordination sphere
6H244
H109
H 118
H 8 8 - H244
CuA C u B /
HI 0 9
H240
Figure 1.2: A sample o f  2  |Fo| - |Fc|Oaic electron density, for the oxidized catalytic 
dinuclear copper site o f sweet potato catechol oxidase. The electron density is shown 
contoured at 1.5 times the r.m.s. deviation o f  the map in cyan and contoured at 6  srms in 
dark green. Both copper sites, CuA on the left and CuB on the right, show a trigonal 
pyramidal coordination sphere formed by three histidine ligands and the bridging solvent 
molecule. The sulfur atom o f Cys 92 does not ligate to the copper center but is covalently 
bound to the C£ atom o f His 109. (Ref. 9)
is distorted trigonal pyramidal for Cua and is square planar for Cub (the coordination site 
occupied by the bridging OH" in the met state is vacant).
Though the structure o f  CO is known, the catalytic mechanism is still unclear. 
The catalytic mechanism o f  the related enzyme TYR was first studied in detail by 
Solomon and coworkers . 2 The currently accepted mechanism is shown in Figure 1.3 . 7  
The oxy state is proposed to be the required starting point for cresolase activity (right 
loop). A monophenol substrate bound to the oxy state becomes monooxygenated to o- 
diphenol. This diphenol subsequently binds to the copper centers o f  metTYR, to become 
oxidized and produce the deoxy copper state. Dioxygen reoxidizes the reduced copper 
center to the oxy state and closes the cycle. Catecholase activity (outer loop) is proposed 
to be possible starting from both the oxy and met states. Oxidation o f  a diphenol 
interacting with either state produces a pathway for their interconversion.
7OH
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His His
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Figure 1.3: Mechanism o f  cresolase and catecholase activity o f  TYR and/or CO. It is 
developed on the basis o f  an initial proposal by Solomon and co-workers and including 
more recent results. (Ref: 2, 7)
1.4. Synthetic models o f  type-3 copper centers
Grenstead studied the metal-catalyzed (Mn2+, Co2+, Fe2+, Cu2+, Zn2+, and Ni2+)
oxidation o f  3,5-di-tert-butyl pyrocatechol (DTBC) by oxygen and oxidation o f  quinone
by hydrogen peroxide . 11 Two possible mechanisms for the two electron oxidation o f
DTBC were proposed: (1) scavenging o f  aryl radicals by a polyvalent metal-ion catalyst
that oxidizes them to quinones before side reactions can occur; (2 ) production o f a very
reactive semiquinone radical as a one-electron intermediate, which rapidly loses a second 
electron. The second mechanism is commonly accepted. Two years later, Tsuji reported 
the smooth oxidative cleavage o f  the aromatic ring o f  a simple catechol with molecular 
oxygen activated by cuprous chloride at room temperature, the first successful model for 
pyrocatechase (Figure 1.4) : 12
-O H  CuCU r ^ ^ ^ C 0 2CH3-O l2
+  o 2 +  c h 3o h  ---------►
-OH
+ h 2o
 0  ^ ^ c o 2H
Figure 1.4: Oxidation o f catechol by oxygen in methanol activated by cuprous chloride. 
(Ref. 12)
There are several characteristic features o f  this reaction. The product was the unexpected 
monomethyl ester. The diester or free acid was not obtained although the reaction was 
carried out with various concentrations o f  methanol. The addition o f  1.5 molar equiv o f  
methanol gave 72% yield o f  the mono ester. Higher concentrations o f  methanol were not 
favorable and the yield dropped to 42% with 20 molar equivalents o f  methanol. As the 
catalyst for the reaction, cuprous chloride seemed to be the best one, while other metal 
salts such as cupric chloride showed no activity.
Many other binuclear copper(II) ligand complexes have been synthesized and 
evaluated for catechol oxidase related activity during the past several decades.13"15,16"17,19"
91 99 90’ ' For example, Karlin and coworkers synthesized a well-defined binuclear copper 
complex containing a catechol ligand coordinated to and bridging the two Cu(II) ions o f a
99phenoxo-bridged binuclear copper(II) complex. The complex contained a bridging 
tetrachlorocatechol (TCC) between the two copper(II) ions with a metal-metal separation 
o f  3.248 A. An intramolecular two-electron-transfer reaction produced the o-quinone
9product and regenerated the binuclear Cu(I) center. This was the first study to structurally 
characterize complex/substrate adducts in a catechol oxidase model.
Based on other researchers’ work, Casella and coworkers synthesized a series o f
16 35 36copper(II) complexes and compared their catechol oxidase activities. ’ ’ The
investigated ligands included l , 6 -bis[[bis(l-methyl-2 -benzimidazolyl)methyl]amino]-n- 
hexane (EBA), a,a -bis [[bis(l-methyl-2-benzimidazolyl)methyl] amino]-m-xylene (L-55) 
and a,a-bis[bis[2-(l-methyl-2-benzimidazolyl)ethyl]amino]-m-xylene (L-6 6 ). These 
ligands were the first to permit demonstration o f  a true tyrosinase pathway in a catalytic 
catecholase reaction . 3 6  The activities o f  the dicopper(II) complexes o f  L-55, L - 6 6 , and 
EBA were compared in the catechol oxidase reaction. The relative rates for the fast first 
step involving electron transfer between a presumably bridging catechol anion and the 
dicopper(II) centers were found to be: [Cu2 (L-6 6 )]4+ > [Cu2 (L-5 5 )]4+ > [Q i2 (EBA)]4+. 
This step was clearly dominated by the reduction potential o f  the Cu(II)/Cu(I) couple. 
Completion o f the reaction involved oxygenation o f  the dicopper(I) species, binding o f  
the catechol to the CU2 O2  intermediate, and electron transfer from the catechol anion to 
the dioxygen moiety. For [Cu2 (L-6 6 )] , the reaction with dioxygen was particularly 
slow, limiting the efficiency o f the L - 6 6  complex. In c ontrast, oxygenation o f  [Cu2 (L- 
55)]2+ and [Cu2 (EBA)]2+was relatively fast. The step limiting the overall catalytic process 
in these cases was the binding and reaction o f  catechol with the oxygenated species. 
Between the L-55 and EBA complexes, the former was the more effective catalyst 
because the ligand was better suited to maintain a folded structure, which facilitated 
binding o f  the bridging substrate. Furthermore, the EBA complex underwent an 
inhibition process at high catechol concentration that did not affect the L-55 complex.
10
Recently, Belle and coworkers used a series o f  ligands to investigate the 
correlation between electronic and pH effects on catechol oxidase activity. Derivatives o f  
2,6-bis[(bis(2-pyridylmethyl)amino)methyl]-4-methylphenol (H-BPMP) were used as 
copper ligands . 3 7  The pH-driven interconversion process was investigated. Substitution o f  
the methyl group o f  H-BPMP (H L c fg )  by electron withdrawing (F or CF3 ) or electron 
donating (OCH3) groups afforded a series o f dinucleating ligands (H L o fg , H L f , H L Cf 3)- 
In basic medium, new species were reversibly formed and identified as the bis hydroxo 
complexes except for the complex from HLcf3 , which was irreversibly transformed near 
pH 10. The pH-dependence o f  the catalytic abilities o f  these complexes was related to 
changes in the coordination sphere o f the metal centers: only the ^-hydroxo complexes o f  
H L 0 h 3 , H L f , H L Cf 3 exhibited catechol oxidase activity. The electronics o f  the R- 
substituents were associated with drastic effects on the catechol oxidase activity: the 
presence o f  an electron donating group on the ligand increased this activity; the reverse 
effect was observed with an electron withdrawing group.
Though previous research has focused mostly on homogeneous copper catalysts, 
some heterogeneous catalysts have also been studied. For example, Bowman and 
coworkers studied the catechol oxidase and catalase activities o f  catalysts based on 
[Cu(l, 1 0 -phen)2 ]+ (phen = phenanthroline) complexes immobilized on silica . 1 9 "2 1  The 
dimeric forms o f  the silica supported copper(I) species were far more active for H2 O2  
decomposition and DTBC oxidation than the monemeric catalyst. The relevant oxidized 
form o f  catalyst, [Cu(l, 10-phen)]2+ was also investigated for DTBC oxidation and H2 O
1
degradation. [C u(l, 10-phen)2 (OH)2] was apparently the active species as a 1:1 
Cu:ligand ratio and higher pH enhanced catalysis.
11
1.5.Catalases and H2 O2  in living organisms
A  variety o f  metalloenzymes catalyze H2 O2  decomposition , 2 1  most o f  which are 
heme enzymes. Hydrogen peroxide, a by-product o f various oxidases and superoxide 
dismutases, is not only toxic by itself, but can also decompose to form the even more 
reactive hydroxyl radical. This radical is probably the most deleterious o f  the activated 
intermediates o f  oxygen, reacting with DNA, proteins and lipids in its proximity . 4 0
For the detoxification o f  H2 O2 , and probably also for maintaining its regulatory 
function, nature has developed a family o f  highly effective enzymes, catalases, which 
dismutate H2 O2  according to the equation: 4 1
catalase
2 H2 O2  ^  O2 + H2 O
Thenard discovered H2 O2  in 1811 and predicted its decomposition in living 
tissues was performed by a special substance. In 1863, Schonbein identified a certain 
kind o f  “ferment” that was later named “catalase” by Loew in 1901. The active site o f
42catalase was demonstrated to contain iron 22 years later. In 1927, Wieland offered a 
simple explanation for the c atalase function in  cells, suggesting H 2 O2  was acting as a 
hydrogen donor for a hypothetical catalyst, which in hydrogenated form reduced another 
molecule o f  H2 O2  to water. Nine years later, Stem demonstrated that in all then known 
catalases, protoporphyrin IX was the active group, and the first crystals o f  beef liver 
catalase (BLC) were obtained a year later. The first prokaryotic c atalase w as obtained 
from Micrococcus luteus by Herbert and Pinsent. The first electron density maps were 
obtained by Vainshtein et al. for a catalase from a lower eukaryote at 3.5 A. The 
sequences o f about 80 tme catalases are currently available in public database and six 
three-dimensional structures o f  catalases are solved to high resolution. According to
12
structural and functional similarities, catalases can be divided into three subgroups: heme 
containing typical catalases, heme containing catalase-peroxidases, and non-heme 
managanese catalase . 4 3
1.6.Copper(II) complexes mimicking catalase activity
It has been know for about one century that the decomposition o f  H2 O2  is 
dramatically accelerated by many metal ions, among which Fe3 +/Fe2+ and Cu2+ have been 
investigated in depth. Disagreements over mechanistic details, especially the involvement 
radicals or peroxy complexes as intermediates have lasted for decades . 4 3 , 4 5
Sigel and coworkers studied the kinetics o f  the decomposition o f  H2 O2  in acidic 
solution . 4 4  A  mechanism involving peroxy complexes but no radicals were suggested:
K i
h 2 o 2  ■ —  -  HOC)' + H
[Cu(bipy)2+] + HOO' - -  [Cu(bipy)(OOH)]+
K 3
[[Cu(bipy)(OOH)]+ + H 2 0 2  - [Cu(bipy)(00H)(H 2 0 2)]+
, *
[Cu(bipy)(00H)(H 2 0 2)]+ —  ------► [Cu(bipy)]2+ + 0 2  + H20  + O ff
In this mechanism, rather than changing its oxidation state, Cu plays the role o f a 
catalyst template that forms a bridge linking the two molecules o f  H2 O2  that undergoes 
oxidation and reduction.
In 1988, Luo and coworkers proposed a possible mechanism o f  H2 O2
decomposition catalyzed by Cu2+ in alkaline solution . 4 5  It suggested that the observed
yellow complex o f copper and peroxide is an essential intermediate in the alkaline
1 0catalysis. Under the assumption that Cu(OH) 3  ' and Cu(OH ) 4  ' were the only
13
nonnegligible species o f  copper hydroxide in the pH range 11-12, the following equilibria
were proposed:
H 20 2 +  O H ' H 0 2‘ +  H 20  (M O
C u 2+ +  H 0 2- +  (n + 1 )  O H  = ^ 0 2C u ( 0 H ) nn " +  H zO  (M 2)
C u 2+ +  H 20 2 +  (n + 1 )  O H "  = = ^ H 0 2C u ( 0 H ) n<n'1) +  h 20  (M 3)
C u 2+ +  3 0 H " C u (O H )3" (M 4)
C u 2+ +  4 0 H " C u (O H )4" (M 5)
0 2C u ( 0 H ) 22 " ------ ►  C u (O H )2 +  0 2 " (M 6)
H 0 2C u (0 H ) 2 "  fc- C u (O H )2" +  H 0 2 ' (M 6.)
C u (O H )2" +  0 2 +  O H "  ----------- ►  C u (O H )3" +  0 2 " (m 7)
C u (O H )2" +  H 20 2  ►  C u (O H )3" +  O H  (M 8)
C u (O H )2" +  0 2 +  H 20  ------------►  C u (O H )3" +  O H ' +  O H  ' (M g')
O H  +  H 2O z ------- ►  H 20  +  H 0 2 ( m 9)
R +  R -►  H 20 2( H 0 2") +  0 2(+ 0 H " )  ( M ki)
A suitable combination o f  eq M 1-M 1 0  yields the stoichiometry o f  the disproportionation 
o f  H2 O2  in an alkaline Cu(II) solution:
5 Cu2+ + 4 H2 0 2  + 15 OH" ► 5 Cu(OH)3 ' + 2 0 2  +  4 H 20
Seven years later, Bonomo and coworkers reported H2 O2  interaction with 
copper(II) complexes o f  diamino-diamide type ligands, diastereoisomeric dipeptides, and 
tripeptides. 4 6  Their results supported Luo’s hypothesis.
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The stoichiometry and kinetics o f the reduction o f  cupric complexes o f the 
bidentate ligand 2, 9-dz-methyl-1, 10-phenanthroline (DMP) by H2 O2  have also been
1 O t
studied. Since the overall stoichiometry was determined with this system, it can be used 
to monitor H2 O2  decomposition. The mechanism suggested by Davies included the 
following six steps:
Cu(DMP)2 +(aq) + DMP ------- ► Cu(DMP)2 2 +(aq) (!)
Cu(DMP)2 2 +(aq) --------► Cu(DMP)2 OH+(aq) + H+(aq) ^
H2 0 2 (aq) --------► H 0 2 '(aq) + H+(aq) (3)
Cu(DMP)2 2 +(aq) + H 0 2 ‘(aq) ------- ► Cu1 + 0 2‘ + H+(aq) (4)
Cu(DMP)2 OH+(aq) + H2 0 2 (aq)  ► Cu1 + 0 2‘ + H+ (5)
Cu11 + 0 2‘ -------- ► Cu1 + 0 2  (6')
The overall reaction (7) can be followed spectrophotometrically at 390 nm, the ^ ax o f  
Cu(DMP)2+.
4 DMP + 2 Cu11 + H2 0 2  -------- ► 2 Cu(DMP)2+ + 0 2  + 2 H+ (7)
This method was used in our experiments to test the rate o f  H2 O2  decomposition 
catalyzed by copper containing catalysts.
1.7. Research strategies
Based on previous reports o f  biomimetic binuclear copper centers, a new 
heterogeneous catalyst was chosen for investigation. While sol-gel methods can be used 
to construct silica materials with metal complex dopants, the small pores o f these 
materials can restrict access to dopants for catalysis. In contrast, the surface-
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immobilization method virtually guarantees that immobilized metal complexes are in 
accessible regions o f  the silica gel surface. Covalent attachment o f  dopants to the silica 
matrix (tethering) is normally achieved by adding molecules with pendant -Si(O R ) 3  to 
silica. According to the method o f  Bowman, 2 1 silica gel can be modified with silylated 
ligands in the presence o f  copper.
Bis[(2-pyridyl)methyl]amine (BPA) was selected as the copper ligand for several 
reasons. First, BPA is a good ligand for copper ions because it has two pyridyl nitrogen 
atoms and one aliphatic amino nitrogen atom and thus a high affinity for copper ions. 
Importantly, however, it does not completely block the coordination sphere o f  the metal 
for interacting with additional substrate. Secondly, BPA is commercially available and 
readily modified reducing the synthetic burden. In addition, BPA is similar in structure to 
organic ligands that have shown oxidation chemistry in vitro when bound to copper.
Under basic conditions, binuclear copper centers are expected to form and serve 
as templates for ligand attachment to the silica surface. The active form o f  the catalyst is 
believed to be the p-OH form (Figure 1.5) . 2 1 As an initial gauge o f the biomimetic 
potential o f  this new catalyst, catechol oxidase and catalase activities were investigated. 
Preliminary results indicate CU BPAS4  modified catalyst promotes both the biomimetic 
activities and warrants further study.
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\  /  V-Cu Cu-
Figure 1.5: Expected structure o f  the catalyst in alkaline solution.
CHAPTER 2. EXPERIM ENTAL
2.1. Instrumentation
A Perkin Elmer Lambda 35 UV/VIS Spectrometer was used to monitor copper 
catalysis o f  both DTBC oxidation and H2 O2  decomposition. A Varian Mercury VX 400 
MHz NMR was used to characterize organic materials.
2.2. Synthesis o f 4-nitrobenzyl-bis[(2-pyridyl)methyl]amine (BPAN4)
BPAN 4  was prepared by variation o f the procedure described by da Mota and 
coworkers . 4 7  Bis[(2-pyridyl)methyl]amine (BPA) (4.98 mL, 27.75 mmol) was added with 
stirring to a suspension o f sodium bicarbonate (2.33 g, 27.75 mmol) in 25 mL absolute 
ethanol. 4-Nitrobenzyl chloride (4-NBC) (5 g, 29.14 mmol) was added to the solution. 
The reaction mixture was refluxed under Ar for 40 hours. The precipitated sodium  
chloride was removed by vacuum filtration. The residue was acidified with 200 mL 
hydrochloric acid (1 M) and extracted with ether (2 x 100 mL). The aqueous phase was 
made basic with 20 mL NaOH (10 M) and then extracted with chloroform (5 x 100 mL). 
The combined organics were filtered, rotovapped, and dried under vacuum. The crude 
black solid was purified by liquid column chromatography (27 cm x 30 mm alumina, 
ethyl acetate: hexane = 1:1). BPAN 4  was isolated as a pale yellow solid (Rf = 0.18, mp 
95 - 96 °C). Yield 94%. ‘H NMR (CDC13): 5 8.55 (d, 2 H, J=  5, Ha), 8.17 (d, 2 H, 7 =  9, 
Hh), 7.68 (t, 2 H, J=  8 , Hc), 7.59 (d, 1 H, J =  9, Hg), 7.52 (d, 2 H, 7 =  8 , Ha), 7.18 (t, 2 H, 
J=  6 , Hb), 3.83 (s, 4 H, He), 3.81 (s, 2 H, Hf). The NMR spectrum is shown in Appendix
I.
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2.3. Synthesis o f  4-aminylbenzyl-bis[(2-pyridyl)methyl]amine (BPAA 4 )
BPAN 4  was reduced by (NHL^S to BPAA 4  according to the method o f  
Bowman . 2 1 (NH4)2S (20%, 70 mL) was added with stirring to a suspension o f  BPAN 4  
(1.36 g, 4.07 mmol) in 87 mL ethanol (99%). The reaction mixture was refluxed under Ar 
for 9 hours at 60 °C. The ethanol was removed by rotary evaporation. The residue was 
acidified with 80 mL hydrocholoric acid (1M) and vacuum filtered through celite. The 
filtrate was extracted with ether (5 x 120 mL). The aqueous phase was made basic with 
20 mL alkali (10 M) and extracted with chloroform (5 x 150 mL). The combined organics 
were rotovapped and dried under vacuum. The crude yellow solid was purified by 
recrystallization from toluene. Recrystallized BPAA 4  was a pale yellow crystal (mp 135 — 
136 °C). Yield 67%. Elemental analysis for C 1 9H2 0 N 4 , calculated: C 74.96%, H 6.63%, N  
18.41%, observed: C 74.74 %, H 6.54%, N  18.32%. NMR (CDC13): 5 8.51 (d, 2 U , J  
= 5, Ha), 7.65 (t, 2 H, J =  8 , Hc), 7.59 (d, 2 H, J =  8 , Hd), 7.18 (d, 1 H, J =  8.5, Hg), 7.13 
(t, 2 H, J =  6 , Hb), 6.65 (d, 2 H, J =  8 , Hh), 3.78 (s, 4 H, He), 3.56 (s, 2 H, Hf). The NMR 
spectrum is shown in Appendix II.
2.4. Synthesis o f  4-nitrobenzyl-bis[(2-pyridyl)methyl]silylated amine (BPAS4 )
BPAS4  was prepared by the addition o f  3-(triethoxysilyl)propyl isocyanate (TSPI) 
to BPAA 4 . 21 BPAA 4  (100 mg, 0.328 mmol) and TSPI (100 nL, 0.404 mmol, 1.23 
equivalents) were dissolved in 20 mL CHCI3 . The reaction flask was immersed in a 
silicon oil bath and the pale yellow solution was stirred magnetically for 10 hours at 70 
°C, replenishing the chloroform as it evaporated. Ten hours later, the oil bath temperature 
was raised to 80°C - 85°C for 1 hour to promote chloroform evaporation. The resulting 
residue (color ranged from yellow-orange to pale green for different batches) was dried in
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vacuum for 2 days and used without further purification (mp 95 -  102°C). Yield 95%. 
Elemental analysis for C29H4 iNs0 4 Si, calculated: C 63.13%, H 7.49%, N  12.69%, O
11.60%, Si 5.09%, observed: C 61.31%, H 7.40%, N  12.69%. *H NMR (CDC13): 6  8.52 
(d, 2 H , / = 5 ,  Ha), 7.67 (t, 2 H, J =  8 , Hc), 7.57 (d, 2 H, / =  8 , Hd), 7.34 (d, 1 H, / =  8 , 
Hg), 7.23 (d, 2 H, J =  8.5, Hh), 7.15 (t, 2 H, J =  6 , Hb), 3.80 (q, 4 H , 7  = 7 , Hi), 3.79 (s, 2 
H, He), 3.63 (s, 2 H, Hf), 3.24 (q, 2 H, J =  6 , HO, 1.63 (q, 2 H, J =  8 , HO, 1.21 (t, 2 H, J  = 
7, Hm), 0.63 (t, 2 H, J =  8 , Hk). The NMR spectrum is shown in Appendix III.
2.5. Treatment o f  silica gel with HCI/HNO3
Trace impurities present in commercial silica gel were removed by stirring for 
one hour in a 6  M HC1/ 6  M HNO 3 solution . 4 9  The acid treated silica gel was collected by 
vacuum filtration and rinsed with deionized water until the suspension was pH 7.0, and 
dried in the oven at 110 °C overnight.
2.6. Preparation o f  modified silicas at different pH values
2.6.1. Modification o f  silica by BPAS4  prior to Cu(II) addition
BPAS4  in methanol (1  mL, 0.02 M), and deionized water (2 mL) were added to 1 
g acid treated silica. The pH o f the mixture was adjusted to 8 , 9, 11, 12, or 13 with 1 M 
NaOH. The suspension was stirred for 1 hour before rinsing with 500 mL H2 O: Methanol 
(2:1) to obtain a neutral filtrate. The modified silica was dried in the air overnight. The 
dried silica was collected, weighed, mixed with a stoichiometric amount o f aqueous 
copper nitrate (100% BPAS4  incorporation assumed), rinsed with 500 pL deionized H2 O, 
and dried in the air overnight.
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2.6.2. Modification o f silica by B P A S 4  in the presence o f  Cu(II)
BPAS4  in methanol (1 mL, 0.02 M), and an aqueous solution o f  Cu(N0 3 ) 2  ( 2 mL, 
0.01 M ) were added to 1 g acid treated silica. The pH o f  the mixture was adjusted to 8 , 9, 
10, 11, 12, or 13 with 1 M NaOH. Modified silica was rinsed with 500 mL H2 O : 
methanol (2 :1 ) to obtain a neutral filtrate, and dried in the air overnight.
2.7. HC1 assay for [Cu]
2.7.1. Calibration curve for [Cu] in concentrated HC1
Stock solutions o f  Cu(N0 3 ) 2  ( 0.04 mM, 0.08 mM, 0.10 mM, 0.12 mM, 0.16 mM,
0.20 mM) in concentrated HC1 (12.1 M) were made from standard Cu(NC>3 ) 2  (15.7 mM 
in 2% HNO3 ). Absorbance was measured at 384 nm. 4 9 , 5 0  Deionized water was used as 
the blank.
2.7.2. [Cu] in acid treated and modified silica
Concentrated HC1 (5 mL, 12.1 M) was added to around 30 mg o f  acid treated or 
modified silica, and the mixture was shaken and set aside for one hour to ensure the 
complete removal o f  Cu(II) from the silica surface. After the silica settled out, the acidic 
supernatant was pipetted o ff with glass pipettes for the measurement o f  absorbance at 384
Ao m #
nm. Deionized water was used as the blank. Generally, dilution with 5 or 10 mL HC1 
was required to achieve an absorbance reading between 0.1 and 0.5 (£3 8 4 nm = 2169 N f W
1  ^ 49, 50
2.8. 2,9-Dimethyl-1,10-phenanthroline assay for [Cu] and [H2 O2 ]
2.8.1. [Cu]
The concentration o f  aqueous copper nitrate were determined by adding 
sufficient aliquots o f  the stock solution to excess 2 ,9-dimethyl-1 , 1 0 -phenanthroline
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(DMP) and ascorbate.18, 50, 51 Formation o f [Cu(2,9-<7z-methyl-1,10-phenanthroline)2]1+ 
was monitored at 454 nm, and concentration were determined based on S4 5 4 nm 7950
M ' W 1 . 4 7
2 .8 .2 . [H2 0 2]
The concentration o f  H2 0 2  was determined based on its ability to reduce an 
excess amount o f  [Cu(2,9-di-methyl-l,10-phenanthroline)2]2+.18’ 4 6  First, H2 0 2  (300 pL, 
30%) was added to the mixture o f  sufficient catalyst (around 300 mg) to provide 3.93 
pmol Cu(II) and 5700 pL deionized H2 0 . The reaction mixture was continuously stirred 
magnetically in air at room temperature. Every ten minutes during the first two hours o f  
the reaction, 50 pL aliquots were removed, diluted in 950 pL H20  and centrifuged in  
eppendorf tubes, from which 200 pL liquid mixture was transferred to 800 pL H20  and 
mixed to achieve a 100 fold dilution. A 20 pL portion o f  the diluted solution was 
transferred to a vial containing 300 pL aqueous Cu(N0 3 ) 2  (0.026 M), 1610 pL 
methanolic DMP (0.01 M) and 1070 pL deionized H2 0 . Additional aliquots were assayed 
at 3, 4, 5 hours elapsed time. Complete decomposition o f  H2 0 2  always occurred in less 
than 24 hours in the presence o f  copper containing modified silica.
2.9. 3,5-di-fert-butylcatechol (DTBC) oxidation
Catechol oxidase activity was determined by the oxidation rate o f  DTBC at room 
temperature. DTBC (10 mL, 20 mM in methanol) was added to sufficient catalyst 
(around 30 mg) containing 0.39 pmol Cu(II). The reaction mixture was continuously 
stirred in air at room temperature. Every two minutes during the first twenty minutes o f  
the reaction, 1 mL upper liquid was removed and measured at 390 nm (e = 1900 M'!cm‘ 
’), Lmax for 3,5-di-te/T-butylquinone (DTBQ), the oxidation product. 51
CHAPTER 3. RESULTS AND DISCUSSION
3.1. Tethered ligand synthesis
Covalent incorporation into a silica matrix is most readily accomplished by 
displacement o f alkoxy group from alkoxysilane-functionalized ligands by the hydroxyl 
group o f silica. Commercially available 3-(triethoxysilyl)propyl isocyanate (TSPI) is 
suitable for development o f tethered ligands when an auxiliary amine group is present to 
form a urea linkage . 21 Since direct reaction o f TSPI with the aliphatic amine nitrogen o f  
BPA would greatly diminish its metal affinity, alkylation o f the secondary amine with a 
compound containing a remote linkage group was desired.
Previous work in the Bebout laboratory had evaluated three synthetic strategies 
for the derivatization o f BPA. Originally, auxiliary amine introduction through a one step 
process involving addition o f  aziridine to BPA was contemplated, but aziridine is 
prohibitively expensive and unstable. Since direct alkylation o f BPA with a bifunctional 
amine is not possible, a two step addition and nitro group reduction strategy was adopted. 
The first attempt to use this strategy involved coupling /?ara-nitrobenzaldehyde to 
BPA . 5 2 ’ 5 4  Unfortunately, the conversion o f the secondary amine to the tertiary amine was 
low. Variations o f  experimental parameters, including excess m ole equivalents o f  
nitrobenzaldehyde, extended reactions time, higher reaction temperature, different 
solvents and conducting the reaction in the presence o f anhydrous magnesium sulfate, did 
not enhance conversion. Since deactivation o f the aldehyde functionally by the para-nitro
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group was conceivable, the related coupling with met a -nitrob enzaldehyde shown below  
was also investigated, but conversion remained low.
Suspecting the aldehyde was deactivated by conjugation, the next strategy tried 
involved reaction o f  acrolein with sodium nitrate to produce the saturated aldehyde 3- 
nitropropanal: 5 5
Reaction o f  BPA with 3-nitropropal was expected to provide a tertiary amine with 
tethered nitro functionality: 5 6
H
/ NaOAc
N02
However, this reaction produced a complex mixture o f  products. Furthermore, the 
purification o f  3 -nitropropanal was complicated and the yield was low, so an alternative 
procedure was investigated. The commercially available bifunctional compound 4-
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nitrobenzyl chloride (4-NBC) was expected to undergo Sn2 attack by the aliphatic amine 
nitrogen o f  BPA to give BPAN 4 : 4 7  
^ c i
+
NH
BPA
NO-
N 0 2
4-NBC
Under optimized reaction conditions involving 40 hours o f  reflux in ethanol in the 
presence o f  NaHCCU, high conversion to B P A N 4  was observed. Alumina 
chromatography with 50% ethyl acetate/ 50% hexanes removed highly colored 
byproducts from the B P A N 4  (90% yield).
To complete the synthesis o f  the ligand tether, reduction o f  the B P A N 4  nitro 
group to a primary amine ( B P A A 4 )  was first effected with ammonium sulfide in ethanol 
heated to 60 °C for 9 hours:
NO-
+ (NH4)2S
-N -
N H :
BPAN 4  BPAA4
Nucleophilic addition o f  the primary amine o f  B P A A 4  to the isocyanate group o f  T S P I  by 
the method o f  Bowman2 1  formed a urea linkage, producing the silylated urea B P A S 4  
(95% yield). Elemental analysis indicated the products B P A A 4  and B P A S 4  were quite 
pure.
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/  2 
BPAA4
+ (EtO)3Si(CH2)3NCO
NHo HN>
TSPI
.  NH(CH2)3Si(EtO )3
BPAS4 Q
Due to the sensitivity o f silylethers to hydrolysis, the workup o f B P A S 4  was limited to 
solvent removal. Although essentially identical procedures were associated with each 
B P A S 4  synthesis, the color o f B P A S 4  ranged from yellow to orange to pale green.
3.2. Preparation o f  modified silicas
As discussed in the introduction, the surface-immobilization method was used to 
prepare the catalyst. Since the potential o f using a base promoted binuclear copper center 
as a template for ligand tethering is our focus, two variations in the tethering procedure 
were investigated : 2 0 , 3 9
o — H
S l° 2  £— O — H +  (R O )3S i / ^ L
-o— H
(b)
(RO)3Si L
(a)
S i02 ^— O—~ S i  L
- O '
M
(RO)3Si L -
SiO
SiOo < O— -^Si. / V
Figure 3.1: Two routes used for preparing silica-immobilized transition metal complexes. 
(Ref: 20, 39)
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In method (a), the alkoxysilane-functionalized ligand is first used to functionalize a silica 
surface. The modified material is then mixed with a metal salt to generate a supported 
metal complex. In method (b), the silylated metal complex is stirred with the support 
material to allow for covalent attachment to the silica. The later conditions have the 
potential to alter the ligand distribution on the surface and change the properties o f the 
materials. The copper contents, catechol oxidase and catalase activities o f  silica prepared 
by both methods described above were characterized.
The pH dependence o f  the catalytic activity o f  the modified silica was 
investigated over the range o f  8  < pH < 1 3 . Modified silicas were rinsed with deionized 
water until filtrates became neutral to minimize possible pH effects on catalysis. 
Adjustment o f  pH with 10 M NaOH produced materials with catalase activity initial lag 
periods in excess o f  twelve hours. These undesirable lag periods in catalase activity were 
not observed when 1 M NaOH was used for pH adjustment. In addition, silica recovery 
was typically 95% when the modification pH was less than 12 and decreased to 20% at 
pH 13. As a result, studies conducted with silica modified at pH 13 were limited.
3.3. [Cu] in silica materials
Taylor5 0  determined that the easiest method for determination o f  the copper 
content o f  silica materials involved treatment with concentrated HC1. This treatment 
protonates the copper ligands and produces CuCl64", which absorbs at 384 nm in 
concentrated HC1. The molar absorptivity reported in the literature for Cu(II) by this 
method was 1544 M '1- cm'1. A  standard curve for the determination o f  [Cu] by this 
method was generated using a standard Cu(NC>3 ) 2  solution (15.7 mM in 2% HNO3 ).
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Serial dilution o f  the standard reproducibly generated a calibration curve indicating a 
molar absorptivity o f  2169 M'1- cm ' 1 (Figure 3.2).
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Figure 3.2.Calibration curve o f  copper nitrate by 12.1 M HC1 analysis.
Since the smaller literature molar absorption led to unreasonable copper contents 
(greater than the total amount o f  copper added to the silica), the empirical value was 
used. The reasons for the disparity between the experimental and literature molar 
absorptivity were not investigated. The procedure for determination o f  the copper content 
o f  silica materials involved suspending approximately 30 mg in 5 mL concentrated HC1 
with measures to minimize evaporation. Based on Beer’s law, copper content in terms o f  
pmol Cu/ mg silica can be calculated with the expression:
/^ 384nm * 5 mL
[Cu] =  “ --------------------------2.169 mM cm • 1 cm • mg silica
The copper content o f acid treated silica was determined to be 0.2 nmol Cu/mg. 
Instability o f  absorbance readings for concentrated HC1 solutions place error bars o f ±0.1
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nmol Cu/mg on this value. As a control experiment, the copper contents o f BPAS4  
modified silicas were examined. According to the concentrated HC1 assay, there were 
trace amounts o f  copper present in these materials but the levels were generally 
negligible compared to materials to which copper was added and only slightly higher 
than acid treated silica (Table 3.1). Differences in copper content o f  modified silicas 
prepared by the two methods were relatively small compared to differences o f  up to 30% 
in c opper content o f  m odified s ilica p repared from d ifferent b atches o f  BPAS4 . T hese 
results indicate that neither pH nor [Cu] had an impact on silica modification.
Table 3.1. Representative [Cu] in BPAS4  modified silica and catalysts prepared by
method (a) and (b)
[Cu] (±1.4 nmol/mg)
pH 8 pH 9 pH 10 pH 11 pH 12
B P A S 4
modified
silica 3.2 0 . 6 0.5 1 . 1 0.5
Method (a) 
catalysts 1 1 . 8 1 2 . 8 12.9 14.0 13.1
Method (b) 
catalysts 12.5 1 2 . 1 X 14.7 12.9
3.4. Investigation o f  biomimetic catecholase activity
Based on the work o f  other researchers, 8 ' 1 0 ’ 3 7  the catechol oxidase activity o f  
copper(II) complexes are dependent on the presence o f  hydroxide bridged binuclear 
copper centers with relatively short intra copper separation. Structures o f  this kind can be
obtained in synthetic system by pH modification. Optimum catalytic activity for
01previously reported complexes occurred at pH 13 or 14. Similarly, the catalyst 
synthesized in our experiments was anticipated to have higher catechol oxidase activity
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with increasing pH. The oxidation rate o f  DTBC was directly obtained by monitoring the 
absorbance at 390 nm (s = 1900 M^cm'1), the A™ax for DTBQ . 51
The time dependent absorbance data for DTBC oxidation at room temperature for 
separate b atches o f  C UBPAS 4  m odified s ilica a re s hown i n F igure 3.3. S imilarities i n 
catalytic behavior between modified silicas made with different batches o f  B P A S 4  were 
limited. Batches o f  catalyst made from the same batch o f  B P A S 4  provided reproducible 
results. It may be relevant that batches o f  B P A S 4  varied in color, perhaps due to small 
amount o f  metal contamination. Factors leading to different batch to batch activities will 
be the focus o f  future studies.
For silicas modified with Q 1 B P A S 4  at pH 8  and 9, we consistently observed a 
linear correlation between time and DTBC oxidation. In contrast, silica modified at 
higher pH exhibited both linear and non-linear time dependent DTBC oxidation. 
Significantly, the modified silicas prepared at pH 8  and pH 9 had very low catalytic 
activity. The modified silicas prepared at higher pH generally had higher catalytic 
activity. Unfortunately, there was a higher degree o f  variability in the catalytic activity o f  
silicas modified at high pH.
Cu(II) loading on silica was evaluated as a potential factor affecting the catechol 
oxidase activity. Rate o f  change in absorbance at 390 nm with time for DTBC oxidation 
from the four batches o f  catalyst shown in Figure 3.3 were determined from the linear or 
pseudo-linear part o f  data to be reproducible and plotted against the Cu(II) loading on 
silica ( Figure 3.4.). N o t  rend b etween [ Cu] and slope w  as e vident. F uture s tudies w ill 
address the reproducibility o f  silica immobilization and other parameters, which might 
alter DTBC oxidation behavior.
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Figure 3.3: Absorbance at 390 nm vs time for DTBC oxidation in the presence o f  
CU BPAS4  modified silica. Catalysts were prepared by method (a) at the pH indicated. 
Each plot corresponds to a set o f catalysts prepared from one batch o f B P A S 4 . DTBC (10 
mL, 20 mM) was incubated with B P A S 4  and Cu(II) modified silica containing 0.39 pmol 
Cu(II) at room temperature.
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Figure 3.4: Rate o f change in absorbance at 390 nm with time for DTBC oxidation vs 
Cu(II) loading on silica at different pH. The rate o f  change o f  absorbance was determined 
from the linear or pseudo-linear part o f  data. DTBC (10 mL, 20 mM) was incubated with 
BPAS4  and Cu(II) modified silica containing 0.39 pmol Cu(II) at room temperature.
Averaging the rates o f change in absorbance at 390 nm with time for DTBC 
oxidation from these four different batches suggested a possible trend. The catecholase 
activity improved with increasing pH o f silica modification until pH 11 the decreased. 
While pH 11 may be the ideal silica modification pH for optimum catacholase activity, 
the standard deviations in the pH 10 to 13 data indicate considerable variations between 
batches (Figure 3.5). Future studies w ill examine the catalytic potential o f  several batches 
o f  Cu-BPAS4  modified silica prepared from the same BPAS4  prep.
3.5. Investigation o f  biomimetic catalase activity
Generally, copper(II) amine and imine complexes form hydroxo-bridge dinuclear 
structures at high pH . 5 7 ' 6 0  According to the mechanism proposed by Luo in 1988,45 OH' 
plays an important role in H2 O2  decomposition catalyzed by copper complexes. To
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Figure 3.5: Average DTBC oxidation rate vs pH. The standard deviations in the observed 
slopes are indicated by the error bars.
examine the role o f  hydroxylated forms o f  copper-BPAS4  in  H 2 O2  decomposition, the 
homogeneous complex at pH 8  to 13, as well as silicas modified by methods (a) and (b) 
over t his p H range ( Figure 3 .1) w  ere evaluated f  or t heir c atalytic p otential. T he H 2 O2  
decomposition rate was indirectly monitored by the reduction o f Cun-DMP complexes 
(DMP is the bidentate ligand 2, 9-dimethyl-1, 10-phenanthroline). The formation o f  
Cu(DMP)2 + was monitored at 454 nm.
Catalysts prepared by both methods promoted H2 O2  decomposition above the 
background rate o f  spontaneous H2 O2  degradation, which is slow at room temperature. 
The decomposition o f  H2 O2  was typically complete in less than 24 hours in the presence 
o f  modified silica prepared by either method (a) or (b). However, when modified silicas 
were prepared by method (a) without pH adjustment, H2 O2  decomposition over 24 hours 
was reduced to less than 70 %. The reasons for this behavior w ill be the focus o f a future 
study. The rate o f  decomposition was approximately linear during the first 60 minutes (< 
10% overall H2 O2  consumption) (Figure 3.6). For silica modified by Method (a), 
preparation at higher pH generally produced more active H2 O2  decomposition catalysts
% 
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(Figure 3.6) with a maximum at pH 12. There was very little difference in the catalytic 
activity o f  silica prepared at varying pH by method (b) (Figure 3.7). The catalytic activity 
o f  modified silica prepared by method (a) was consistently higher than materials prepared 
by method (b), consistent with the proposed role for copper templating on catalyst 
activity. As an additional control experiment, the catalase activity o f unsupported 
Cu(II)’BPA was examined at pH 10. In Figure 3.8, the behavior o f  the heterogeneous 
catalyst prepared at pH 10 and homogeneous system at pH 10 during the first 60 minutes 
is compared. The rate o f H2 O2  decomposition was 2.2 times faster with the heterogeneous 
catalysts. This suggests that silica immobilization enhances the stability o f the active 
catalysts, but additional trials are needed to confirm the generality o f  this behavior.
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Figure 3.6: H2 O2  decomposition catalyzed by Cu(II)-BPAS4  modified catalyst prepared 
by method (a) at the pH indicated. Decompositions were conducted as described in 
section 2.8.3. A: % decomposition o f  H2 O2  as a function o f  time. B: % decomposition o f  
HoOo/min as a function o f  the pH at which silica was modified by Cu(II)-BPAS4 .
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Figure 3.7: H2 O2  decomposition catalyzed by Cu(II)-BPAS4  modified catalyst prepared 
by method (b) at the pH indicated. Decompositions were conducted as described in 
section 2.8.3. A: % decomposition o f H2 O2  as a function o f time. B: % decomposition o f  
H2 0 2 /min as a function o f the pH at which silica was modified by Cu(II)-BPAS4 .
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Figure 3.8: Comparison o f catalase activity o f  Cu(II)-BPAS4  modified catalyst prepared 
at pH 10 by method (a) ([Cu] = 2.6 mM) and a homogeneous solution o f BPA and 
Cu(N0 3 ) ([BPA] : [Cu(N0 3 )2 ]= 1:1, [Cu] = 2.6 mM). Decompositions were conducted as 
described in section 2.8.3. Somang Kim provided the homogeneous catalysis data, 
^catalyst prepared by method (a) ^ a  homogeneous solution o f  BPA and Cu(NC>3 ) 2  .
CHAPTER 4. CONCLUSION
The biological role o f  copper has been studied for long time. Many biomimetic 
copper complexes have been synthesized and their catechol oxidase and catalase 
activities investigated. In this project, a silylated tridentate amine was synthesized by 
derivitization o f bis[(2-pyridyl)methyl]amine ( B P A ) ,  for preparation o f a heterogeneous 
copper catalyst. Since active forms o f  previous biomimetic copper complexes typically 
have p-OH and basic pH is known to promote this feature, modified silicas were prepared 
over the pH range o f 8  to 13. The effect o f the pH o f silica modification on catalysis o f  
3,5-di-ter^-butylpyrocatechol (DTBC) oxidation (catechol oxidase activity) was 
examined. Two different methods to prepare the catalyst were also studied to investigate 
the potential o f hydroxyl bridged binuclear copper centers to serve as templates during 
silica modification. In the first method, copper was present during silica modification 
with B P A S 4 ,  while in the second one, the silica modified with B P A S 4  was mixed with a 
copper nitrate solution after pH adjusting. Silicas modified by both methods at various 
basic pH values were evaluated as catalyst o f H2 O2  decomposition (catalase activity).
Concentrated HC1 treatment provided a convenient method to determine copper 
loading in silica. The molar absorption (2169 M'^cm"1) at 384 nm, the Xmax for CuCl6 4', 
was experimentally much higher than the literature value (1544 M'^cm'1). A standard 
curve was reproducibly made by using serial dilution o f a standard Cu(N0 3 ) 2  (15.7 mM 
in 2 % H N O 3 )  to determine [Cu]. Since the smaller literature molar absorption caused
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unreasonable higher copper contents than the total amount o f  copper added to the silica, 
the empirical value was used. The reason for this discrepancy was not studied, but it 
could not be the evaporation o f  the standard Cu(NOs) 2  solution since that would decrease 
the molar absorption value.
Determination o f  the copper content o f  silicas modified with B P A S 4  in the 
presence and absence o f  copper revealed differences o f  up to  3 0% over the pH  range 
examined. Since there were significant differences between copper contents o f catalyst 
batches prepared under similar conditions, catalyst amounts were based on providing a 
fixed amount o f  copper. However, there was no obvious trend in copper content for 
silicas modified with B P A S 4  at different pH or copper concentrations, suggesting neither 
o f  the parameters have an impact on silylation.
To investigate the catachol oxidase activity o f  C uBPA S 4  modified silicas, 3, 5-di- 
tert-butylpyroquinone (DTBQ), produced by oxidation o f  DTBC, was monitored at 390 
nm. There are at least two factors, pH and copper loading, which possibly affect the 
catechol oxidase activity. Based on literature present, the p-OH form o f  the catalyst was 
believed t o b e a ctive. S imilarities i n c atalytic b ehavior b etween m odified s ilicas m ade 
with different batches o f BPAS4  were limited, but batches o f  catalyst made from the same 
batch o f  BPAS4  provide reproducible results. Silica modified o f low pH ( 8  and 9) had 
low catalytic activity. Silica modification at pH 13 led to poor silica recovery, suggesting 
significant destruction o f  silica structure and complicating interpretation o f the catalytic 
activity. Among pH 10, 11, and 12, inconsistents in activity between batches precluded 
determination o f an optimum pH. Copper loading for catalyst modified at different pH 
was also studied, but no relationship was found between DTBC oxidation rate and [Cu]
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in silica. In addition, different batches o f  B P A S 4  gave rise to different levels o f catalytic 
activity. More experiments under different conditions for the same batch would possibly 
help identify relevant experimental parameters needing to be controlled to improve 
reproducibility. Development o f  procedures for preparing larger batches o f  both B P A S 4  
and modified silica will facilitate these studies.
To investigate the catalase oxidase activity o f  Q 1 BPAS4  modified silicas, 
Cu(DMP)2 +, produced by reduction o f Cu(DMP)2 2+, was monitored at 454 nm. The 
decomposition rate o f  H2 O2  was calculated from the rate o f  reduction o f  Cu(DMP)2 2+ to 
Cu(DMP)2 +. The effect o f  the pH used for silica modification was more obvious than for 
DTBC assay. I f  copper was present during BPAS4  modification o f  silica (method (a)), 
catalyst effectiveness generally increased from 8  to 12. If copper was added following 
BPAS4  modification o f silica (method (b)), there was almost no difference in catalase 
activity for silicas modified at different pH. These results suggest that base promoted 
formation o f p-hydroxyl binuclear copper centers is critical for the production o f  the 
active form o f  the catalyst.
These studies suggest that Cu-BPAS4  modified silicas have potential as 
biomimetic catalysts, but more studies are clearly needed. Development o f methods 
which produce catalyst with consistent properties is a top priority o f  future studies. Also, 
the reproducibility o f  results under specific conditions will be addressed. In addition to 
copper loading and the pH  o f  silica modification, other factors w ill be tested for their 
contribution to the catalytic activities. Also, variations in the behavior o f  catalyst for 
DTBC oxidation, including reasons for early inactivity in some batches, w ill be assessed. 
Future studies may also attempt to determine the structures o f  the copper complexes with
38
highest activity and o f  any intermediate produced during DTBC oxidation and H2 O2  
decomposition. In addition, Q 1 B P A S 4  modified silica catalysts w ill be evaluated as 
mimics o f dopamine P-monooxygenase and peptidylglycine a-amidating 
monooxygenase, copper dependent enzymes which have proven to be difficult to model.
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